ABSTRACT
INTRODUCTION
High-density DNA microarrays are a rapidly emerging technology that allows for the measurement of gene expression profiles in cells or tissues. Microarrays have provided important insights into cellular genetic responses to environmental manipulations (3), stimulation of growth and signal transduction pathways (4, 7, 12) , alterations in malignant transformation (9) , and responses to viral infection (8, 21, 22) , to name but a few. This methodology now enables investigators to measure a significant fraction of the cellular transcriptosome as a single experimental point. As a consequence, the analysis, quantitation, and interpretation of this data is now becoming a major challenge for the scientific community.
High-density (micro-and macro-) arrays are ordered representations of complementary nucleic acid sequences ("targets") immobilized on a nylon or glass support; the various methods for producing arrays have been comprehensively reviewed (14) (15) (16) 18) . After the selected genetic targets have been selected and immobilized on a solid support, fluorescent or radioactive complementary DNA probes are synthesized from complex biological samples and hybridized to the array. The amount of hybridization to each target on the array is then quantitated and used to determine relative changes in mRNA abundance in the original sample.
Of the many array technologies available, high-density oligonucleotide arrays are a highly popular methodology that employs photolithographic masking and modified phosphoramidite-based oligonucleotide synthesis chemistry to synthesize short (approximately 25-mer) oligonucleotide probe sequences in situ (GeneChip ® ; Affymetrix, Santa Clara, CA, USA; described in References 11 and 15). Each gene is represented by 15-20 different query sequences distributed throughout the length of the cDNA; each query sequence is paired with a mismatch sequence for the determination of signal specificity. Biotinylated cDNA probes are made from complex RNA samples and, after hybridization, are detected by staining with streptavidin-phycoerythrin complexes.
The hybridization intensity for each probe cell is determined and a series of algorithms in an "absolute analysis" to determine various measures of signal intensity. For experiments in which treatment versus control hybridizations are performed, secondary "comparison analysis" allows the determination of how signal intensity changes for each gene on the microarray. The comparison analysis metric is frequently >>>>>>>>>>>>>>>>>>>>>>>>>> expressed as a "fold change" value, a signed number indicating the relative change in expression (up-or down-regulated) produced by the experimental treatment. These data are then examined to identify any biologically relevant genes in clusters or biological pathways for further hypothesis-generated experimentation (1, 2, 5, 6, 9) .
A body of literature supports the use of high-density GeneChip arrays as highly specific, quantitative measures of steady-state mRNA abundance in complex RNA samples (15) . These changes can be independently confirmed by northern analysis, RNase protection, or semi-quantitative RT-PCR assays (15, 21 
MATERIALS AND METHODS

GeneChip Microarray Analysis
RNA samples were hybridized to the Hu95A GeneChip (Affymetrix) containing 12 626 sequenced human genes under conditions as described by the manufacturer. After probe hybridization, washing, and staining, the GeneChip arrays were scanned using a Gene Array ™Scanner and analyzed using the GeneChip Analysis Suite 3.3 software (Affymetrix). For each gene, [16] [17] [18] [19] [20] probe pairs are immobilized as approximately 25-mer oligonucleotides that hybridize throughout the mRNA; each probe pair is represented as a perfect match oligonucleotide and a mismatch oligonucleotide as hybridization control. The average intensity of each probe cell is calculated after subtraction of the local background (the lowest 2% intensity of each sector -each probe cell is divided into 16 sectors). The normalized average intensity value is used to determine the number of positive and negative probe pairs. Based on the positive/ negative ratio, positive fraction, and log average ratio of the perfect match to the mismatch, the absolute call [e.g., the gene is detected ("present" or "marginal") or not ("absent")] is determined (22) . Finally, the average difference is determined by calculating the difference intensity between the perfect match and The data-containing file (here called "Masterdata.txt") from the array hybridization experiment has been opened (in this case, using Excel). For correct input, the columns of the Masterdata.txt should be the same as this example. Column A is the Affymetrix ID string; column B is the number of positive probe pairs; column C is the negative probe pairs; column D is the numbers of probe pairs used in the average difference calculation; column E is probe pairs in the average; column F is the average difference, an indicator of RNA abundance; column G is the absolute call; and column H is the descriptive information. For input into Retriever , the Masterdata.txt file must be saved in the ".txt" extension (as illustrated using the "File/Save As" option) in the same folder as the Retriever.exe program. Retriever accepts any name for the Masterdata file (maximum 100 characters or shorter).
the mismatch of every probe pair and averaging the differences over the entire probe set. The average difference statistic was retrieved for quantification of mRNA abundance in those samples in which the absolute call indicated that the gene was present. Probe set data were saved as ASCII tab-delimited text files and deposited into our data warehouse and relational database server (UTMB Bioinformatics Program).
Secondary Data Analysis
Retriever and CompareTable are two programs written in C ++ programming language (compiled with Borland version 3.5). These executable programs are available for download by using the standard ftp anonymous protocol at the UTMB Bioinformatics ftp site: ftp://nmr.utmb.edu. To do this, download the two files Retrieverand CompareTable into a data analysis folder. The path of the input data tables must be known or, more conveniently, copied into the same data analysis folder. Data output from the programs will be saved as user-specified names in this folder for subsequent inspection and analysis. The programs are launched by double clicking the program icon.
RESULTS AND DISCUSSION
After the acquisition of the array image, a number of methods can be employed to correct for relative differences in array intensity. These techniques include normalization to single (or multiple) housekeeping genes or normalization to a global variable, such as the median value of intensities of all the measured genes. Because it cannot be assumed a priori which transcripts are not affected by the treatment, nor necessarily if global transcription is not affected by the treatment, careful investigators are well advised to analyze their data by several methods before making any conclusions. For example, in the specific case of viral infection, global changes in gene expression can occur that may make normalization to median signal intensity potentially dangerous. Specifically, infection with Vesiculo Stomatitis, polio, or herpes simplex viruses can lead to the phenomenon of host cell "shutoff" where cellular RNA polymerase IIdependent genes are no longer transcribed (17, 19, 20) . Conversely, the expression of standard housekeeping genes, such as β -actin or MHC class I genes, can be regulated by other viruses such as RSV, making normalization to these housekeeping transcripts problematic (13) . For this reason, the retrieval of housekeeping genes from individual arrays can be extremely helpful in the initial inspection of array data. However, this retrieval can be time consuming, requiring multiple search/find queries for individual probe sets in spreadsheet programs (such as Excel). To facilitate multiple data point retrieval, I have developed Retriever , an executable program that can be run on desktop PCs that will rapidly extract data for multiple probe sets. The operation and application of Retriever is described below. table file containing 11 entries as viewed by Excel is shown. Retriever will accept a maximum of 13 000 entries and will compare them until an empty row is encountered; as with the Masterdata.txt, Querytable must be saved as a ".txt" file (100 characters or shorter).
Retriever , A Computational Tool to Extract Primary Array Data from GeneChip Data Files
Retrieveris an executable program that will retrieve primary data (from a ASCII ".txt" file) for any given probe set represented on the GeneChip. Retriever accepts two text files: a tab-delimited text file containing the Affymetrix primary data (indicated in this figure as Masterdata.txt) and a ".txt" file containing a query list of Affymetrix probe identification (ID) sets for which primary data is requested (indicated in this example as Querytable.txt). Retriever executes a simple loop where the first ID name from Querytable file is checked against the first ID entry in the Masterdata.txt file. When an exact match is found (partial matches are ignored), Retrieverrecovers the primary data from the Masterdata.txt file and outputs the information into the output file (indicated in this example as Output.txt). The next ID is then pulled from Querytable, and the search is repeated until the end of the list is reached. The required format of the two text files is shown on Figures 1 BioComputing/BioInformatics >>>> Figure 3 . Operation of Retriever . When the executable Retriever program is launched (by double clicking on the program icon), the program runs as a virtual DOS machine on the Windows interface. The user is prompted for input file names with the ".txt" extension. If the input file is in the same folder as the executable program, then all that is necessary is the filename and extension; if the input file is in a separate folder, then the user must enter the file path and extension. Finally, the user specifies the name for the output file (with the ".txt" extension). A maximum of 100 characters, including the ".txt" extension, is accepted. Figure 4 . Sample data output. An output file generated by Retriever was opened in Excel and is shown. Column A is the Affymetrix ID probe set identifiers taken from the Querytable; column B is the Affymetrix ID string that it was matched to in the Masterdata file (serving as a visual check that the correct match was found); column C is the positive probe pairs; column D is the negative probe pairs; column E is the numbers of probe pairs used in the average difference calculation; column F is probe pairs in the average; column G is the average difference; column H is the absolute call; and column I is the descriptive information.
opened and manipulated by data analysis software, such as Excel, as shown in Figures 1 and 2 . Figure 3 shows the operation of the program. The user must either copy the input files into a folder containing the Retriever.exe program (in which case, the file name and extension are all that are needed to open the file) or specify the path to the data file. After launching Retriever , the user is prompted to enter the filename (including the ".txt" extension as shown; Retriever will accept file names of up to 100 characters in length). After program execution, the output file will be saved in the program folder. Figure 4 shows the output of the program after opening the Output.txt file by Excel. The data for each probe set ID are listed and include the number of positive probe pairs, the number of negative probe pairs, the number of probe pairs used, the average difference, and the absolute call (A, absent; P, present; or M, marginal). These data can then be manipulated, plotted, or merged with other datasets as desired by the user.
Application
Retriever is useful for several applications. First, multiple independent probe sets representing the same gene are present on the Hu95A chip. Sometimes, the behavior of one probe set is aberrant from that of the others (21) . Retrieverallows data recovery for each probe set so that the investigator can analyze the individual hybridization statistics for each probe set. Second, should the investigator wish to normalize to individual or multiple housekeeping genes, Retrievercan recover the hybridization signal for these values. Finally, it is sometimes necessary to extract data for selected genes on a given array, whether or not the gene expression is changed as a consequence of treatment (and therefore may not appear in the secondary comparison analysis of genes up-or down-regulated by a treatment).
High-density oligonucleotide arrays allow quantitative estimate of gene transcript levels in individual samples (11, 15) . From the absolute analysis data, GeneChip comparison analysis algorithms allow the comparison of gene expression levels between two samples. This typically involves the application of user-modified thresholds and results in a table of gene IDs, a "difference call" metric (increased, marginally increased, decreased, marginally decreased, and no change) and an estimate of the magnitude of the difference between the two samples (the fold change calculation). My colleagues and others have observed that 90% of probes showing a consistent 3-fold change (or greater) are significantly regulated by the experimental treatment using independent techniques [e.g., northern analysis, RNase Protection Assay (RPA) or RT-PCR (10, 21, 22) ]. However, I have had difficulty easily identifying genes from long tables that are common to multiple-treatment replicates (many of the commercially available software programs that we tried are not enabled with this function - Both input files must match the file shown in this example and be saved as a tab-delimited ".txt" file using the "File/Save As" option (in this case, the file name is "expt1vs0compare.txt"). The first line containing the header names is ignored by CompareTable . For correct entry, the data should be arranged as the following: column A, the Affymetrix ID probe set identifiers; column B, the number of positive pairs; column C, the number of negative pairs; column D, the number of pairs used; column E, the number of pairs in the average; column F, the average difference; column G, the absolute call; column H, the difference call with "I" being increased and "D" decreased; column I, the average difference change; column J, the fold change; and column K, the gene descriptor. ality). For this reason, CompareTable was developed; its operation and application are described below.
CompareTable , A Computational Tool to Find Genes Common to Two Experimental Replicates
Experimental replicates of array experiments allow for the elimination of false positives and to control for biological variation between experiments. CompareTablewas written to compare two randomly sorted lists of genes from two standard GeneChip comparison analysis tables and identify those genes that are present in both duplicates. CompareTable takes the Affymetrix ID from one table and sequentially queries all of the ID names in the second. If a match is found, then data from both tables are written to an output file; otherwise, CompareTableadvances to the next entry and queries all of the entries in the second table. Figure 5 shows the format for CompareTableinput files; these must be saved as a tab-delimited ".txt" files. In these tables, genes are represented that are significantly different in one chip compared to another (e.g., control). Typically, this data contains the ID, the signed fold change, and a descriptor ( Figure 5 shows a representative comparison table). Figure 6 shows the operation of CompareTable , where the user is prompted for the file name of the tab-delimited input files and names the output file. Upon completion, the output file is saved in the folder containing the executable program. Figure 7 shows an example of the output generated by CompareTable (opened in Excel). For each gene found, the row where the gene was located on each file is printed, and the probe set identifier for both files is list108BioTechniques
Vol. 32, No. 1 (2002) BioComputing/BioInformatics >>>> Figure 7 . Sample data output. Output file generated by CompareTablewas opened in Excel. The output contains the following: column A, the line number of the first file from which the matching Affymetrix ID string was obtained; column B, the corresponding line from the second file where the match was made; columns C and D, the Affymetrix ID strings from each file to serve as a visual check that the correct match was made; columns E and F, the average difference and the absolute call (for the Affymetrix ID string) taken from the first table (indicated as Table I) ; columns G and H, the average difference and the absolute call taken from the second table (indicated as Table II) ; columns I and J, the fold change parameters from Tables I and II, ed (as a visual check that the program is operating correctly), the average difference, the absolute call, and the fold change parameters from files I and II, respectively. The Affymetrix descriptor is contained on the last column. Finally, the output file will list the number of matches found in the two files as the last row of the output table.
In summary, a number of new bioinformatics tools are being and have been developed to facilitate the analysis and retrieval of data from microarray experiments. Here, two simple programs are described that can be run on desktop PCs (with Windows 95/98/2K operating systems) to facilitate data extraction and multiple replicate analysis. These programs will help research investigators more systematically evaluate this wealth of microarray data.
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